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ABSTRACT 

The global colors and structural properties of galaxies have recently been shown to follow bimodal distri- 
butions. Galaxies separate into a "red sequence", populated prototypically by early-type galaxies, and a "blue 
cloud", whose typical objects are late-type disk galaxies. Intermediate-type (Sa-Sbc) galaxies populate both 
regions. It has been suggested that this bimodality reflects the two-component nature of disk-bulge galaxies. 
However, it has now been established that there are two types of bulges: "classical bulges" that are dynamically 
hot systems resembling (little) ellipticals, and "pseudobulges", dynamically cold, flattened, disk-like structures 
that could not have formed via violent relaxation. Alas, given the different formation mechanisms of these 
bulges, the question is whether at types Sa-Sbc, where both bulge types are found, the red-blue dichotomy 
separates galaxies at some value of disk-to-bulge ratio, B/T, or, whether it separates galaxies of different bulge 
type, irrespective of their B/T. 

In this paper, we identify classical bulges and pseudobulges morphologically with HST images in a sample 
of nearby galaxies. Detailed surface photometry reveals that: (1) The red - blue dichotomy is a function of 
bulge type: at the same B/T, pseudobulges are in globally blue galaxies and classical bulges are in globally 
red galaxies. (2) Bulge type also predicts where the galaxy lies in other (bimodal) global structural parameters: 
global Sersic index and central surface brightness. (3) Hence, the red - blue dichotomy is not due to decreasing 
bulge prominence alone, and the bulge type of a galaxy carries significance for the galaxy's evolutionary history. 

We interpret this result as showing that the type of bulge a galaxy has is a signpost of the evolutionary history 
of the whole galaxy. Classical bulges are thought to indicate that a galaxy has undergone violent relaxation, 
e.g. during a major merger (of smaller fragments) in its past. This is more likely to have happened earlier when 
merging was frequent, in higher-density environments, and when there was still enough gas to subsequently 
form the disk. Therefore, these galaxies are likely to be red today. Pseudobulges are disk components and 
therefore indicate a disk-only galaxy. Such a galaxy has not suffered a major merger since the formation of 
its disk. This is more likely at later epochs, when the merger rate is lower and in low-density environments. 
Therefore, these are likely to be younger, blue galaxies. In addition, there is evidence that pseudobulge galaxies 
harbor supermassive black holes that follow the Mbh-o' relation. We discuss the effect of black hole feedback 
in the host galaxy. If feedback during black hole growth in classical bulges is what quenches star formation in 
their host galaxies, why does this not happen in galaxies with pseudobulges? 

Subject headings: galaxies: bulges — galaxies: formation — galaxies: evolution — galaxies: structure — 
galaxies: fundamental parameters 



L INTRODUCTION 

The study of the statistical properties of galaxies has ad- 
vanced rapidly due to the release of large amounts of ho- 
mogeneously sampled data from wid e area surveys su ch as 
the Sloan Digital Sky Survey (SDSS: r^Aetani2000i) . The 
most notable result of recent years has been the bimodal 
distribution of many galaxy properties. Galaxies are bi- 
modally distributed in the color-magnitude plane separating 
into a red sequence and a blue cloud ( Strateva et al. 2001; 
Balogh et al. 2004; Baldry et al. 1004) and also (Liske et al. 
2003; Driver et al. 2006). Other structural parameters, such as 
luminosity, size, surface dens ity, and concentration, separate 
similarly into two sequences jBlanton et alj|2003l; IShen et alj 
I2OOI iKauffmann etaP l2003bl: iDriver et alJ l2006h . SteUar 
populations and stellar masses and mass surface density fol- 
low as well (Kauffmann et al. 2003a b). 

It is worth pointing out that some aspects of this bi- 
modality in galaxy properties have been known in other 
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forms for a while. An example is the existence of a 
tight color-magnitude relation for early-type galaxies and 
the non-existence of such a r elation for late-type galaxies 
jde Vaucouleurs & de Vaucoule urs 1973). 

The fact that the bimodality is manifested in many parame- 
ters in a similar way is perhaps not surprising. Structural and 
stellar population related parameters of galaxies are known to 
be well correlated, giving rise to galaxy cl assification schemes 
suc h as the Hubble Sequenc e (Hubble 19261 : ISandagelll961l : 
see [Roberts & Havnesll 19941 for a review of parameter corre- 
lations along the Hubble Sequence). 

On the one extreme of the Hubble Sequence we find ellipti- 
cal (E) galaxies, which are thought to be the prototypical red- 
sequence objects, and on the other extreme pure disk galax- 
ies (Sd-Sm), which populate the blue cloud. Intermediate- 
type (Sa-Sbc) galaxies form a sequence in bulge-to-total ra- 
tio, B/T, and therefore bridge the red and blue loci in the 
color-magnitude plane. It is therefore reasonable to attribute 
the bimodality seen in colors of galaxies to this bulge-disk 
tw o-componen t natur e of galaxies, a point recently affirmed 
bv lDriver et all (l2006l) . 

Yet, identifying the physical structures that are respon- 
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sible for the bimodal distribution is not entirely straight- 
forward. Firstly, colors of disks and their associated bulges 
are correlated, such that redder disks har b or redder bulges 
dPeletier & Balcellsl Il996t Ide Jond 119961: iMacArthur et al] 
|2004'). Secondly, it has now been established that there are at 
least two types of bulges, where "bulge" is defined as the ex- 
cess light over the inward extrapolation of the surface bright- 
ness profile of the outer disk. The common procedure in the 
literature to identify bulges is by surface brightness profile de- 
composition and this practice identifies all types of bulges in a 
common fashion. Thus we still refer to all the structures that 
are found in this way as "bulges". A more physically moti- 
vated definition is given below, however the term "bulge" de- 
fined in such purely observational terms is still operationally 
useful and hence we will adopt this photometric definition 
in this paper. We will, however, prefix this observationally- 
motivated term "bulge" by physically-motivated qualifiers. 

Many bulges are dynamically hot systems resembling el- 
liptical gala xies that happen to have a disk around them (e.g. 
lRenzinilll99 9). These bulges are called "classical bulges". 
Their formation is assumed to be similar to that of elliptical 
galaxies, which are thought to be the products of violent re- 
laxation during major mergers. This happens in environmen- 
tally driven evolution (hierarchical clustering), which was the 
dominant process driving galaxy formation in the early uni- 
verse. 

On the other hand, "pseudobulges" are bulges that have 
structure and kinematics resembling that of disks. They are 
believed to have formed via dramatically different formation 
channels than those responsible for the formation of classi- 
cal bulges (see Kormendv & Kennicutt 2004 for a compr ehen- 
sive r eview). Pseudobulges are dynamically cold OKormendvl 
Il993h. They ha ve flattening similar to that o f the outer 
disk (lKen3 fl98l iK ormendv 1993; Fathi & PeletiB Hool 
iKormendv & Fisher 2005; Kormen dv et al.i i2006). Also, they 
may have em bedded secondary bars, rings, and/or spiral struc- 
ture (ICarollo et al.l 119971) . All these are disk phenomena 
which do not occur in hot stellar systems. Therefore, these 
bulges could not have been formed by mergers involving vi- 
olent relaxation. Instead, they are thought to form through 
slow rearrangement of disk material. Disk galaxies form their 
structural analogs to these nuclear features as a result of hav- 
ing high angular momentum compared to random motions. 
We e xpect a sini i lar ph enomenon is occurring in pseudob- 
ulges. ^^rmend^dsH) shows that some bulges do have stel- 
lar dynamics which resemble inclined disks better than they 
do oblate rotators. 

What can drive disk galaxies to reshape themselves to form 
a pseudobulge? Non-axisymmetries in the gravitational po- 
tential (bars, ovals, spiral structure) redistribute energy and 
angular m omentum in disks. A large body of literature re- 
viewed by Kormendv & Kennic utt (2004) makes a strong case 
that bars rearrange disk gas into inner rings, outer rings, and 
dump gas into the center All indications are that internal evo- 
lution builds up the central gas density, resulting in star for- 
mation and bulge-like stellar densities, thus forming pseudob- 
ulges. Internal evolution is mostly "secular" - its timescales 
are much longer than the collapse time. Fishei (2006) shows 
that pseudobulges are experiencing enhanced star formation 
over classical bulges. This further favors the idea that pseu- 
dobulges form through a slower process (secular evolution), 
and hence are still being built today. For rec ent reviews on this 
subjec t see .Kormendv & KennicutH (|2004|) and lAthanassoula 
(l2005h . 



Hence, if pseudobulges are truly disk phenomena (in some 
way like bars or rings), it is natural to expect that the di- 
chotomy of galaxy properties is not merely a product of 
changing bulge-to-total ratio, but distinguishes disks (includ- 
ing their pseudobulges) from classical bulges. This imposes 
us to ask two questions. Do galaxies with pseudobulges be- 
have like bulgeless pure disk galaxies? Secondly, is the loca- 
tion of a galaxy with respect to the (color) bimodality deter- 
mined by the relative prominence of its bulge and disk com- 
ponents alone? 

The existence of a dichotomy among bulges themselves of- 
fers an opportunity to test this. The question becomes whether 
at intermediate Hubble types of Sa-Sbc, where both bulge 
types are found, the color bimodality separates galaxies at 
some bulge-to-total ratio, or, whether it separates galaxies 
of different bulge type, irrespective of bulge-to-total ratio (or 
neither). 

In this paper, we answer these questions by comparing the 
location of galaxies with pseudobulges to that of galaxies with 
classical bulges with respect to the bimodality of the color and 
structural distributions of galaxies in general, i.e. we look for 
a relationship between the type of bulge a galaxy has and the 
global properties of the galaxy harboring the bulge. 

This paper is organized as follows. Sect. |2] discusses the 
galaxy sample used in this work and lays out the analysis 
methods and bulge classification scheme we use. In Sect. [3] 
we present and discuss the dependence of galaxy properties 
on bulge type. Finally, we summarize and discuss our results 
in Sect.m 

2. THE GALAXY SAMPLE 

The aim of this work is to compare the location of galax- 
ies with pseudobulges to that of galaxies with classical bulges 
with respect to the bimodal distribution of global galaxy col- 
ors and structural properties. We will compare the loci of 
galaxies with pseudobulges to that of galaxies with classi- 
cal bulges in the color-magnitude plane (u-r vs. Mr) and 
structure-color plane (central surface brightness, /zo, and 
global Sersic index, «, vs. u-r). 

We select a sample of 39 galaxies spanning Hubble types 
SO to Sc by cross referencing the Third Reference Catalog of 
Bright Galaxies (RC3: lde Vaucouleurs et alJll991l) . the Sloan 
Digital Sky Survey Data Release Four (SDSS - DR4) database 
dAdelman-McCarthv et alj2006l) . and the Hubble Space Tele- 
scope (HST) archive. We require that the galaxies have incli- 
nation / < 60° to reduce the effect of dust. We will use the 
RC3 Hubble classification, colors and total magnitudes from 
SDSS images, and surface brightness profile fits to combined 
HST and SDSS surface photometry. We identify pseudob- 
ulges and classical bulges using the high-resolution HST im- 
ages. We maintain a roughly even sampling of Hubble types 
from SO to Sc. 

2.L Identification of pseudobulges 

In this study, we classify galaxies as having a pseudobulge 
using bulge morphology; if the "bulge" is or contains a nu- 
clear bar, nuclear spiral, and/or nuclear ring the "bulge" is 
actually a pseudobulge. Conversely if the bulge is featureless 
and more round than the outer disk, the bulge is called a classi- 
cal bulge. Fig.[T]illustrates typical examples of what we iden- 
tify as classical bulges (left panels) and a pseudobulges (right 
panels). Notice first, that the classical bulge (NGC 3898) has 
a smooth and regular stellar light profile as seen in the WFPC2 
F547M image in the middle panel of Fig. [T] There is no reason 
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Fig. 1 . — An example of pseudobulge (NGC 4536; right panels) and classical bulge (NGC 3898; left panels) identification. The top panels show an SDSS color 
image of each galaxy. The middle panels show HST WFPC2 images of the bulges of their respective galaxy. The white box on the SDSS image shows the extent 
of the HST images, and 10" is marked as a white line in the HST images for scale. Bulge-disk decompositions of composite HST plus SDSS surface brightness 
profiles are shown in the bottom panels. 



evident in the image to think that this galaxy harbors a pseu- 
dobulge. On the other hand, NGC 4536 is a typical example 
of a galaxy with nuclear spiral structure and patchiness (i.e. a 
pseudobulge). A decomposition of the stellar surface bright- 
ness profile shows that the pseudobulge dominates the light 
profile to a radius of 9 arcseconds. The WFPC2 F606W 
image in the middle panel implies that the entire pseudobulge 
appears to exhibit spiral structure. Notice that spiral struc- 
ture exists in the small region inside the box on the wider 
field SDSS image. Also notice that the classical bulge has a 
li{r) oc r'/^ profile, while the pseudobulge is nearly exponen- 



tial. 

We identify pseudobulges using HST archival images in 
the optical wavelength regime {B through /) . This makes 
bulge classification subject to the effects of dust. However, 
the structures used to identify pseudobulges are usually ex- 
periencing enhanced star formation rates, and are easier to 
detect in the optical region of the spectrum where the mass- 
to-light ratios are more affected by young stellar populations, 
rather than in the near infrared where the effects of dust are 
lesser. Classical bulges niay have dust in their center, as do 
many elliptical galaxies (iLauer et al.H20()5l) . The presence of 
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dust alone is not enough to classify a galaxy as containing a 
pseudobulge. 

Another caveat when using morphology is that the struc- 
tures we wish to identify as well as the color of a galaxy 
can be distorted or altered during early stages of a merger. 
For example NGC 3169 and NGC 3166 form a close pair 
(separation is ^ 50 kpc). ISandage & Bedkd (11994 note that 
NGC 3169 shows a warped disk and peculiar morphology. 
Both of these galaxies have nuclear structure that is similar to 
structure found in pseudobulges. However, given the presence 
of the companion, we cannot say whether the central struc- 
ture represents a secularly-evolved pseudobulge or is due to 
short-term merger-indu ced gas inflow and star formation (see 
iKannappan et alj|2004l) . 

We use the NASA Extragalactic Database (NED) to search 
for any evidence of close companions of similar magnitude, 
tidal distortions, or peculiar morphology. We remove those 
galaxies which seem to be interacting with other galaxies 
from our sample. Three galaxies in our sample have com- 
panions at 100 kpc, which do not appear to affect the mor- 
phology of these galaxies' disks. 

Of the 39 galaxies in our sample, 10 galaxies are classified 
as having a classical bulge (3 SO, 3 Sa, and 4 Sab) and 29 
galaxies are classified as having a pseudobulge (3 SO, 4 Sa, 1 
Sab, 5 Sb, 6 Sbc, and 10 Sc). We do not distinguish between 
barred and unbarred galaxies in this work. The sample ends 
up favoring pseudobulges over classical bulges, most likely 
due to the constraint of even sampling along Hubble types as 
pseudobulges are more common in late type galaxies. 

Table 1 lists the galaxies in our bulge sample along with 
their bulge classification, Hubble types, magnitudes, colors, 
and other derived quantities (described below). 

2.2. Photometry 

We calculate total magnitudes and colors from direct in- 
tegration of 2D surface brightness profiles in the SDSS 
u and r band images. We use the code of Bend er et al.l 
([T988h on images available pub licly from the SDSS archive 
jAdelman-McCarthv et ani2006h . 

First, interfering foreground objects are identified in each 
image and masked manually. Then, isophotes are sampled by 
256 points equally spaced in an angle 6 relating to polar angle 
by tan 6 = a/b tan (p, where (j) is the polar angle and b/ais the 
axial ratio. An ellipse is then fitted to each isophote by least 
squares. The software determines six parameters for each el- 
lipse: relative surface brightness, center position, major and 
minor axis lengths, and position angle along the major axis. 

To calculate the structural quantities central surface bright- 
ness, fio, and global Sersic index, n, we fit a Sersic function, 

Mr) = Mo+('-Ao)'/", (1) 

to the mean isophote axis of SDSS surface brightness profiles. 
It is well known that surface brightness profiles of interme- 
diate type galaxies are not well described by single compo- 
nent models. At least two component functions (bulge plus 
outer disk) are required; also, many galaxies contain bars, 
rings and ovals that further complicate the surface brightness 
profile. For the nearby galaxies in our bulge sample a single- 
component Sersic fit is clearly not an excellent fit to the galax- 
ies' light profiles. However, we wish to compare these fits to 
the published manifestations of the galaxy bimodality. There- 
fore, we must calculate quantities similar to those in large sur- 
veys. Typical root-mean-square deviations of our Sersic fits to 
the galaxy profiles are 0.1-0.2 mag arcsec"^. 



Bulge-to-total (B/T) ratios are calculated by fitting Sersic 
functions combined with an exponential for the outer disk to 
the ID surface brightness profile of each galaxy: 

/ r y'"" r 

Hir) = fJ-iib +{ + ^J-o,d + 7 , (2) 

\ro,h J h 

where the /io,i and ro,i reflect central surface brightness and 
scale length of the bulge, while ^q j and h are the analogous 
quantities for the outer disk. Uh is the Sersic index of the 
bulge. 

Equation |2] is fit to surface brightness profiles generated 
from HST archival images combined with SDSS r band pho- 
tometry as discussed above. For calculating B/T, we allow 
the bulge and the disk component to have individual elliptic - 
ities, which we take to be the average ellipticity within each 
component. This definitely adds a little uncertainty to the re- 
sulting B/T, as both bu lges and disks are know n to have vary- 
ing ellipticity profiles (iFathi & Peletieiil2003l) . However, for 
our purposes this method is sufficient. Finally, the B/T that 
we quote is the ratio of the radially integrated Sersic function 
and the radially integrated sum of the Sersic and the exponen- 
tial. We have checked that there is no trend of B/T with in- 
clination for pseudobulges, classical bulges, or the combined 
sample. 

We refer the reader to Table 1, where these quantities are 
listed for all our bulge galaxies. 

3. DEPENDENCE OF BIMODAL GALAXY 
PROPERTIES ON BULGE TYPE 

Does the shift from the blue cloud to the red sequence co- 
incide with a shift in predominance of the disk to the bulge? 

Using extensive 2D photometry, iDriver et"aLi |2006) find 
that the bimodality of galaxies in color-magnitude space be- 
comes more pronounced when the color is constrained to the 
central region of the galaxy. They also show that the concen- 
tration of the galaxy, parameterized by global Sersic index, 
participates in the bimodality in galaxy properties as well. 
This motivates them to suggest that the fundamental division 
of galaxies is merely that of bulges (old, red, high concentra- 
tion) and disks (star forming, blue, diffuse). With this two- 
component nature of galaxies, the position of an object on the 
blue-red divide is thought of as a function of the bulge-to- 
total ratio, B/T, alone. 

The existence of intermediate-type Sa-Sbc galaxies on 
both the red and blue sequence challenges the sugges- 
tion that the bimodality of galaxies divides along the 
disk-bulge dichotomy. Intermediate type galaxies have 
roughly constant (and large) bul ge-to-total ratios on average 
jSimien & de Vaucouleursiri986l) . Bulge-to- total ratios begin 
to fall much more rapidly only at Hubble types Sbc-Sc and 
later. Moreover, disk color and bulge color are correlated: 
redder b ulges res ide in redder d isks (Pele tier & Balcellsll 19961 : 
Ide Jona,1996: MacArthur et al.li2004) . Galaxies are not made 
by randomly mixing disk and bulge components. 

At issue, therefore, is whether the galaxy bimodality is just 
a product of changing emphasis of each subcomponent (i.e. 
simply B/T), or possibly a signature of differing evolutionary 
histories of the whole galaxy. 

The existence of a dichotomy among bulges themselves 
offers the opportunity to test this. The question becomes 
whether at intermediate Hubble types of Sa-Sbc, where both 
bulge types are found, the color bimodality separates galaxies 
at some bulge-to-total ratio, or, whether it separates galaxies 
of different bulge type, irrespective of bulge-to-total ratio. 
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Fig. 2. — The location of three different galaxy populations is shown in global color vs. total magnitude space, from left to right: early-type (E-SO), intermediate- 
type (Sa-Sbc), and late-type (Sc-Irr). Galaxies identified as having pseudobulges ai'e represented by filled triangles, galaxies with classical bulges are shown as 
filled circ les. Galaxie s without bulge identification are shown as open symbols for comparison. The dashed line separates the red sequence from the blue cloud 
following lBaldrv et al.l (20040 . 



3.1. The color - magnitude plane and Hubble types 

We examine galaxies of Hubble types spanning SO-Sc in 
the global color {u-r) versus total magnitude (M,-) plane, and 
we mark them according to their bulge type. Fig. |2] shows 
the location of galaxies with classical bulges (round symbols) 
and galaxies with pseudobulges (triangles; identified by bulge 
morphology as discussed in Sect. 12.11 ) in our sample in the 
u-r vs. Mr plane. Note that we plot the total galaxy color 
and total magnitude, not the bulge color and magnitude. We 
merely label the galaxies by their bulge type. 

As a reference sample, we also plot 542 galaxies selected 
from the intersection of the SDSS-DR4 spectroscopic catalog 
and the RC3, having inclination / < 35°, and that are at a dis- 
tance z < 0.02. These galaxies divide into Hubble types as 
follows: 50 E, 112 SO, 48 Sa, 36 Sab, 67 Sb, 57 Sbc, 52 Sc, 
40 Scd, 47 Sd, 17 Sm and 16 Irr. We use SDSS redshifts for 
distances and SDSS "model" magnitudes for colors and total 
magnitudes for these objects. 

We note here that the magnitudes of the galaxies that we 
classify as having classical bulges or pseudobulges are com- 
puted by our own ellipse fitting discussed in Sect. 12.21 This 
may give different results compared to the SDSS model mag- 
nitudes which we use only for the reference sample objects in 
the color-magnitude plane. However, for galaxies with low 
total Sersic index (as the intermediate types ma inly are) there 
is ver y little difference in the type of magnitude dGraham et alj 
l2005h . Also note that we do not correct the colors and mag- 
nitudes for the effects of extinction by dust. This may cause 
some disk galaxies to appear redder than their stellar popula- 
tions are. We moderate this effect by restricting ourselves to 
low-inclination galaxies. However, some disk galaxies at the 
locus of the red sequence may have been moved there by the 
effect of dust. For illustrative reasons, w e also plot the Unedi- 
viding blue from red galaxies following Baldry et al.l (l2004l) . 

Late types (Right panel in Fig.|2]l. As has been shown, late 
type galaxies (type Sc and later) are a lmost entirely on the 
blue sequence (e.g. Strateva et al.ll200iT) . Note the caveat on 
dust extinction in disk galaxies discussed above; the reddest 
galaxies in this bin are most likely affected by dust extinction. 



We emphasize that the panel with Sc-Irr galaxies does not 
contain a single classical bulge. As the Hubble sequence pro- 
gresses toward later types, galaxies tend to have small bulges 
or no bulge at all. This is indicative of a less violent past, 
as it is very likely that these galaxies have not experienced a 
merger event that would have formed a (classical) bulge since 
the time of formation of their disks. The fact that these galax- 
ies seem to contain pseudobulges if they have a bulge at all, 
provides a strong reinforcement of this statement. 

Intermediate types (Middle panel in Fig. The inter- 
mediate type Sa-Sbc galaxies give us a sample on which to 
test our hypothesis. Nearly all (87%) galaxies with pseudob- 
ulges are bluer than the red-blue divide, while all the galaxies 
with classical bulges are redder than the divide. To show that 
this is not simply the consequence of the pseudobulge galax- 
ies having lower bulge-to-total ratios than the classical bulge 
galaxies, recall first that the number of pseudobulges in our 
sample is not a step function at some late Hubble type (5 Sa, 
2 Sab, 4 Sb, 6 Sbc) and that as noted above, at these interme- 
diate types the Hubble s equence is not a strong sequenc e of 
bulge-to-total ratios (see|S imien & de V aucouleurslll986i and 
the review by [Roberts & Hay nes 1994). 

In fact, in the range of B/T values spanned by galaxies 
with pseudobulges we find plenty of classical bulge galaxies 
as well. This is illustrated in Fig. [3] where we plot global u-r 
against B/T for 24 of our bulge galaxies. We calculate B/T 
for all 10 classical bulge galaxies and all the 16 intermediate- 
type pseudobulge galaxies. Two of the latter (NGC 1068 and 
NGC 569 1 ) are not well-fit by a two-component model (Equa- 
tion |2]i and hence we cannot obtain reliable B/T numbers for 
these and they are not included in the plot (see also Table 1). 
Therefore the plot contains 14 pseudobulge galaxies. 

In our sample, galaxies on the red sequence with classical 
bulges have B/T ratios as low as 10%. Galaxies with pseu- 
dobulges have B/T ratios as high as 40%. The majority of 
galaxies with classical bulges in our (small) sample have B/T 
values in the same range as the galaxies with pseudobulges. 
Even at the lowest B/T ^Q.l values in our intermediate type 
Sa-Sbc galaxies, the assignment of a galaxy to the red se- 
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Fig. 3. — The distribution of bulge-to-total ratios, B/T, of intermediate type 
(Sa-Sbc) galaxies with pseudobulges (blue triangles) and classical bulges (red 
filled circles) with respect to their global u-r color. The dashed Hne marks 
B/r = 0.45. 



quence or the blue cloud is predicted by its bulge type. 

It is true that classical bulge galaxies extend to greater B/T 
values than do pseudobulge galaxies. This is easily under- 
stood given the different formation channels that are thought 
to lead to classical bulges and to pseudobulges. Classical 
bulges are an extension of elliptical galaxies (formed via 
mergers) that happen to have a disk around them. This sort of 
evolution naturally exten ds all the way to fi/r = 1 (i.e . a pure 
elliptical galaxy; see also iKormendv & Bender|[l996h . Pseu- 
dobulges form secularly by rearranging disk material. There- 
fore it seems unlikely that a disk would be able to make a 
pseudobulge equal in size to itself {B/T 0.5) through secu- 
lar evolution. 

Also note that in Fig.|2l there is no significant difference in 
the range of absolute magnitudes spanned by the pseudobulge 
galaxies and that of the classical-bulge galaxies. Pseudobulge 
galaxies are not systematically fainter in Mr- 

Concluding this discussion, we find that the red-blue bi- 
modality cannot be a function of decreasing bulge prominence 
alone. Our results show that it is a function of bulge type. 
Pseudobulges are in blue galaxies and classical bulges are in 
red galaxies. Furthermore, galaxies with pseudobulges be- 
have just like pure disk galaxies if we compare their distribu- 
tion in global color to the distribution of pure disk (late-type) 
galaxies in Fig.|2] The type of bulge a galaxy has is a signpost 
for an evolutionary history of the total galaxy. 

Early types (Left panel in Fig. |2]i. The early-type bin (E 
- SO) is almost entirely populated by red sequence galaxies. 
There are three galaxies that we identify as harboring pseu- 
dobulges in this panel. All three peudobulges are in SO galax- 
ies and these are on the red sequence. This illustrates a caveat 
when dealing with pseudobulges. They do not have to be 
young. A disk galaxy could have undergone secular evolu- 
tion long ago and formed a pseudobulge. This is well illus- 
trated by the aforementioned correlation between disk color 
and bulge color. As a side note, this implies that identify- 
ing pseudobulges using color only is bound to misclassify 
some pseudobulges and underestimate their number Also, 



SO galaxies exi st at a wide range of bulge-to-total ratios, a 
point noticed bv lvan den Berghid 19761) . The processes that are 
thought to make S O galaxies (e.g. ga s stripping by ram pres- 
sure, harassment; iMoore et alj|199 6) operate independently 
of the processes that make bulges. It is reasonable to believe 
that the evolution which makes a galaxy an SO happens inde- 
pendently of the secu lar evolution that makes a pse udobulge 
(see the discussion in lKormendv & Kennicutlir2004 ). There- 
fore the position of SO galaxies in color-magnitude space may 
be due to separate phenomenona, rather than posing a counter 
example to our hypothesis. 

3.2. Global galaxy structure 

iBlanton et alJ (l2003h show that the relation of structure to 
galaxy color is markedly different for red and blue galaxies. 
This can be illustrated by plotting the Sersic index and a char- 
acteristic surface brightness against color. In Fig. HI we illus- 
trate the dependence of galaxy structure on bulge type. We 
mark the dividing line of r ed and blue galaxie s with a hori- 
zontal line at M - g = 2.2 (Stratev a et alJl20()ll) . Open sym- 
bols represent SO galaxies, which likely arise due to distinct 
phenomena not related to bulge formation as discussed above, 
and thus do not follow the normal behavior for pseudobulge 
galaxies. In general, blue galaxies are more diffuse and have 
lower Sersic index than galaxies with classical bulges. In both 
structural parameters there is a sharp transition from galaxies 
with pseudobulges to galaxies with classical bulges. Again, 
as in Fig.|2] we plot total color and Sersic parameters from a 
global single-component fit. We mark galaxies by the type of 
their bulge. 

The surface brightness at zero radius is recovered from the 
single component Sersic fits (Eq.[T]|. Note that we report the 
fit value, which should be taken as a characteristic value of 
the galaxy as a whole. It is also worth noting that central sur- 
face brightness is more sensitive to the dichotomy in bulge 
types than surface brightness at the effective radius. Galaxies 
with classical bulges form a tight sequence in color that be- 
gins at /io,, 16 (vertical line in the left panel) and extends to 
higher central surface densities, well populated by giant ellip- 
tical galaxies. There is a sharp transition at /io.r ~ 16. Below 
this surface density, the diagram becomes completely popu- 
lated by galaxies with pseudobulges. 

The Sersic index is normally interpreted as a parametriza- 
tion of the shape of a surface brightness profile of a galaxy. A 
typical disk galaxy has n = 1 and an intermediately sized el- 
liptical galaxy has n ^ 4. In the right panel of Fig. U galaxies 
with pseudobulges have lower global Sersic index than galax- 
ies with classical bulges. And galaxies with classical bulges 
do not have global Sersic index smaller than n ^ 2.5 (vertical 
line in the right panel). 

Galaxies with pseudobulges populate a broader range of 
color, yet the majority of pseudobulge galaxies are restricted 
to a more narrow range in central surface brightness than clas- 
sical bulges. The smaller variation in /io and exponential 
surface brightness profiles are well known properties of disk 
galaxies (Freeman 1970). We restate that our galaxies with 
pseudobulges and galaxies with classical bulges both popu- 
late the intermediate Hubble types Sa-Sbc. Thus, at the same 
Hubble type, galaxies with pseudobulges are more like pure 
disk galaxies than galaxies with classical bulges. 

What is compelling is not only that global Sersic index and 
central surface density are lower. In fact, the distribution of 
central surface brightness alone is not dichotomous. It is the 
combination of these quantities that reveals the structural di- 
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Fig. 4. — Dependence of global stmcture on bulge type. The left panel shows the Sersic index from a fit of a single Sersic law (Eq.[TJ to the surface brightness 
profile of the whole galaxy, plotted against global color. The right panel shows the corresponding central surface brightness versus color Blue triangles represent 
pseudobulges, red circles represent classical bulges; SO galaxies are plotted as open symbols. In both panels the horizontal line denotes u'r = 2.2. The vertical 
fine in the left panel denotes fiQ = 16, and the horizontal line in the right panel denotes n = 2.5. 



chotomies. The distribution in both the color - Sersic and 
the color - /io plane is completely different for galaxies with 
pseudobulges and classical bulges. Further, the transition in 
this behavior is coincident with the transition from red galax- 
ies to blue. 

The behavior of color and structure is definitely more regu- 
lar among classical bulges. This makes sense in context of the 
formation picture of these two types of bulges. Pseudobulges 
are structures that are continuously evolving. Therefore when 
we look at a sample of pseudobulge galaxies we are seeing 
them in many different stages of evolution. As the pseudob- 
ulge grows galaxy properties such as color, /io and n will cer- 
tainly change. However, classical bulges are thought to form 
in one or multiple discrete and short-lived events separated 
by periods of passive evolution. If the young stellar popula- 
tions made in these events age into old, red populations on 
a timescale that is shorter than the time between star forma- 
tion events, then classical bulges will spend most of their time 
looking homogeneously red. We find that the galaxies harbor- 
ing these classical bulges are globally red. This implies that 
since the formation of the classical bulge, there has been rela- 
tively little evolution in the galaxy that contains it as a whole. 
Thus, properties of galaxies with classical bulges show little 
scatter compared to pseudobulge galaxies. Studies consider- 
ing bulges as a heterogeneous class will likely shed light on 
such differences. 

4. SUMMARY AND DISCUSSION 

We examine galaxies of Hubble types spanning SO-Sc in the 
global color versus magnitude plane, marking them according 
to their bulge type. We classify them as having pseudobulges 
or classical bulges by analyzing the morphology of the bulge 
using HST imaging. 

We show that the type of bulge a galaxy has is a good pre- 
dictor of where that galaxy will fall in the red-blue and struc- 
tural galaxy dichotomies. Galaxies with pseudobulges lie in 
the blue cloud. They have the same global color as galaxies 
with no bulge at all (pure disk galaxies). On the other hand. 



galaxies having a classical bulge (and elliptical galaxies) lie 
on the red sequence. We have further shown that this is not an 
effect of lower bulge-to-total ratios in pseudobulge galaxies. 
Additionally, we show that galaxies with pseudobulges have 
lower global Sersic index and lower central surface density 
than galaxies with classical bulges. 

Our results imply that the processes involved in the forma- 
tion of galactic bulges are coupled to the processes that form 
the entire galaxy. Galactic disks and classical bulges remain 
the two fundamental structural components of galaxies, yet 
their relative prominence is not what determines the location 
of an (intermediate-type) galaxy with respect to the color and 
structural bimodalities. It is the presence of a classical bulge 
and the influence this bulge has and its formation had on the 
galaxy that places the galaxy on the red sequence today. An- 
other way of putting this is to say that increasing the bulge-to- 
total ratio of an intermediate-type galaxy with a pseudobulge 
will not automatically move the galaxy to the red sequence, 
and likewise, a galaxy with a classical bulge is on the red se- 
quence no matter how small that bulge is. 

Thus, the location of a galaxy with respect to the bimodality 
does - at least in part - reflect differing evolutionary paths of 
the whole galactic system. It is not merely a reflection of 
different emphasis of the disk and bulge subcomponents. 

We wish to reiterate that interpreting the red-blue bimodal- 
ity as due to the fundamental distinction between disks and 
classical bulges is not necessarily incorrect. However what is 
incorrect is to say that the bimodality is merely the linear com- 
bination of these two components that determines the location 
of a galaxy with respect to the bimodality. Also, if one de- 
fines the components by photometric decomposition only as 
has been common practice in the literature, then one is likely 
to obtain ambiguo us results. 

As reviewed in iKormendy & KennicuttI (l2004l) and out- 
lined in Sect. [T] a pseudobulge forms through dynamical pro- 
cesses inside the disk. We also know that the existence of 
a thin disk signals that the galaxy has not undergone a ma- 
jor merger since the formation of the disk (iToth & Ostriked 



8 



Drory & Fisher 



TABLE 1 

Global colors and structural data for the bulge sample 



THfntifi pr 


T 

lype 


Tnr'linntmn 








Mr 




„(b) 






RC3 


degrees 


mag 




mag 


mag 


mag/arcscc^ 


global Sersic 




NGC 2639 


Sa 


44 


33.24 


c 


2.47 


-21.96 


12.97 


3.56 


0.72 


NGC 2775 


Sab 


40 


30.95 


c 


2.41 


-21.29 


15.57 


2.72 


0.52 


NGC 2880<* 


SO 


68 


31.83 


c 


2.52 


-20.53 


13.59 


3.42 


0.65 


NGC 2962(''> 


SO 


67 


32.12 


c 


2.63 


-20.53 


11.57 


5.13 


0.44 


NGC 3031 


Sab 


59 


27.63 


c 


2.49 


-20.86 


10.41 


5.70 


0.40 


NGC 3898 


Sab 


57 


31.49 


c 


2.53 


-21.13 


13.94 


3.51 


0.38 


NGC 4379 


SO 


43 


31.59 


c 


2.46 


-20.18 


15.30 


2.38 


0.49 


NGC 4698 


Sab 


51 


31.59 


c 


2.37 


-21.13 


11.84 


5.15 


0.18 


NGC 4772 


Sa 


64 


30.64 


c 


2.37 


-19.87 


14.84 


3.33 


0.25 


NGC 5448 


Sa 


64 


32.34 


c 


2.57 


-20.68 


15.89 


2.62 


0.10 




Sb 


21 


30 46 


p 


1 74 


-20 77 


14 38 


1 69 




NGC 1 ns4 


Sc 


46 


30 56 


p 


1 55 


-20 10 


18 34 


91 




NGC 9(iSl 

I>VJV^ ^UO 1 


SO 


Q 


30 20 


p 


2 32 


-19 84 


1151 


4 09 




NGC 2782 


Sa 


49 


32.70 


p 


1.56 


-21.25 


18.77 


1.23 


0.14 








31 78 


p 


Z.J 1 


90 

-ZU.O J 


10 34 








so 


62 


31 49 


p 


2.56 


-20 82 


9 79 


4 67 




Nfir 2Q76 


Sc 


61 


27.63 


p 


1.66 


-17.88 


19.59 


0.85 






She 


61 


31 97 


p 


1.47 


-19 37 


18 18 


1 50 


0.1 1 


NGC 3338 


Sc 


54 


32.06 


p 


1.78 


-21.36 


18.83 


1.66 






Sb 


42 


29 24 


p 


Z.Jo 




17 97 


1 81 






Sc 


53 


30 98 


p 


1 21 


-20 13 


18 19 


2 23 






Sab 


55 


29.24 


p 


2.27 


-20 12 


13 78 


3 42 


21 




Sb 


57 


29 17 


p 


1 94 


-20 52 


14 66 


3 20 


24 


NGC 3647 


Sbc 


32 


32.09 


p 


1.92 


-20.64 


16.82 


2.34 


0.13 


KTrvr" ^8 1 n 

IN VJl^ J o i u 




48 


29 80 


p 




IQ ilS 


i O.OJ 


1 09 




NGC 4030 


Sbc 


40 


31.70 


p 


1.85 


-21.63 


17.14 


1.58 


0.40 


NGC 405 1 


Sbc 


36 


30.74 


n 


1.69 


-20.42 


18.53 


1.99 


0.07 


NGC 4123 


Sc 


48 


30.91 


P 


2.00 


-19.50 


20.39 


0.85 




NGC 4152 


Sc 


40 


32.31 


p 


1.49 


-20.25 


18.79 


0.97 




NGC 4254 


Sc 


32 


31.59 


P 


1.51 


-22.03 


18.47 


0.98 




NGC 4380 


Sb 


59 


31.59 


P 


2.15 


-20.42 


19.73 


1.06 


0.06 


NGC 4384 


Sa 


42 


32.60 


P 


1.13 


-19.73 


19.63 


0.77 


0.07 


NGC 4500 


Sa 


50 


33.18 


P 


1.54 


-20.76 


16.88 


1.74 


0.29 


NGC 4536 


Sbc 


59 


32.02 


P 


2.15 


-21.90 


19.85 


0.97 


0.06 


NGC 4647 


Sc 


38 


31.59 


P 


1.70 


-20.83 


17.12 


3.15 




NGC 4900 


Sc 


19 


30.41 


P 


1.30 


-19.08 


19.18 


0.81 




NGC 5055 


Sbc 


56 


29.21 


P 


1.90 


-20.80 


16.71 


2.28 


0.26 


NGC 5691 


Sa 


42 


31.97 


P 


1.45 


-19.91 


17.38 


2.00 


_(=) 


NGC 5806 


Sb 


60 


32.05 


P 


2.14 


-21.04 


17.62 


1.99 


0.17 



(a) 



p - pseudobulge; c - classical bulge.'''' global Sersic index and central surface brightness determined by a fit of 
Eq. 1 to the profiles of all classical bulge galaxies and the intermediate-type pseudobulge galaxies.'''' B/T determined 
by a fit of Eq. 2 to the profile.''" Erwin (2004) finds nuclear bar or inner disk, we do not.'''' These galaxies are not 
well-fit by a two-component model. 



Il992h . The exact mass ratio in a merger event that is needed 
to destroy a disk is still und er debate jVelazquez & Whit^ 
119991: iHavashi & Chiball2006h . however, it is beheved to be 
of the order of 0.2. All merger events above this mass ra- 
tio are believed to result in dynamically hot stellar systems. 
This leads to the well-known problem of forming late-type 
disks in cosmological simulations; the disks in these simula- 
tions suffer too many merg ers and thicken or are destroyed 
dSteinmetz & Navarroll200 2*). The problem of forming these 
galaxies in cosmological simulations gets much worse when 
we realize that galaxies with pseudobulges should be included 
with pure disk galaxies in this sense: they have not suffered a 
major merger event since the formation of the disk. 

The processes that are believed to make pseudobulges re- 
quire not only a disk to be present, but that disk must 
be dynamically very cold in order to be unstable to non- 
axisymmetric instabilities such as bars that are needed 
to rearrange gas and stars to form a pseudobulge (see 
iKormendy & Kennicuttl l2004l for a detailed review). Thus, 
pseudobulges, like thin disks, are signatures of a quiet merger 
history. Pseudobulge formation timescales have been esti- 



mated as - 1 Gyr dKormendv & Ken nicutt'2Q04':'Fisher"2Q06l) 
based on current star formation rates. Now consider the time 
necessary to form a bar and build up a sufficiently high nu- 
clear gas density to form stars. It is quite plausible that 
these galaxies have remained cold (and thus free of signifi- 
cant mergers) since the formation of their disks. 

How can we explain our result that classical-bulge galaxies 
lie exclusively on the red sequence? Classical bulge galaxies 
are thought to have undergone violent relaxation, most likely 
during a major merger in their past, presumably one involv- 
ing lower-mass galaxies to form a typical bulge of today's in- 
termediate type Sa-Sbc galaxies. Intermediate mass mergers 
happen predominantly in the earlier universe, when the halos 
harboring these objects assemble. Today, the surviving halos 
of this mass scale are incorporated into bigger structures. For 
example, the large and small Magellanic Clouds are sub-halos 
of the Milky Way system. At early times, intermediate-mass 
mergers frequently occur, and there is still enough gas left to 
be accreted, so that a disk forms around the newly formed 
bulge. The result is a disk galaxy that contains a classical 
bulge. 
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As the merger rate was much higher at early times in the 
universe, it is less li kely that a pure disk galaxy would have 
survived this epoch (ISteinmetz & Navarrol 120021) . Therefore 
old, red galaxies of Hubble type Sc and later do not commonly 
exist today. Also, the only way to grow a pseudobulge is to 
have a relatively long period of disk evolution (of the order of 
a few Gyr) undisturbed by mergers. This is much more likely 
to happen in low-density environments at later epochs, pos- 
sibly z < 1 . Therefore, it is natural that pseudobulges live in 
blue, relatively younger galactic systems that are more typical 
of low-density environments today. 

Parenthetically, in high-density environments a fe w objects 
may e volve toward the red sequence within 1 Gyr (i BlantonI 
|2006|) by gas stripping and quenching of their star formation 
irrespective of their merger history and resulting bulge type, 
most likely to become SOs. 

The environmental dependence of galaxy colors is well es- 
tablished by studies that link galaxy properties to the environ- 
ment in which th ey are found. W e first recall the morphology- 
density relation (lDressleiill980 '). namely that early-type (and 
thus red) galax ies are more cl ustered than late-type (and thus 
blue) galaxies. iLi et al.l (|2P06) restate this in the modern con- 
text, showing that not only color, but also surface density, 
concentration, and 4000A break strength all corre late with en- 
viron mental density in the same way (see also Blanton et alJ 
l2005h . Since we find all our (non-SO) pseudobulges in blue- 
cloud galaxies which are preferentially found in low-density 
environment, we take this as a reinforcement of the con- 
clusion that pseudobulges indicate galaxies with quiescent 
merger histories. 

Eviden ce for a quiet m erger history of blue galaxies is also 
given by iBlantonI (l2006l) . He finds that the number density 
of blue-sequence galaxies does not change significantly from 
z ^ 1 to z 0.1. It seems likely that blue sequence is expe- 
riencing a quiescent form of evolution over the recent epochs 
(z < 1), and therefore the blue (disk) galaxies have had time to 
form pseudobulges. We are compelled to point out an impor- 
tant caveat for interpreting any high redshift results on galaxy 
evolution. Blue galaxies at high redshifts are not likely to 
be replicas of today's blue sequence galaxies. It is unfor- 
tunate that pseudobulge detection requires such high reso- 
lution techniques, otherwise we could test our hypothesis at 
higher redshifts. T he evolution in blue galaxies beyond z ~ 1 
dGerke et al.ll2006l ) is possibly due to separate phenomenon 
from what shapes todays blue galaxies (e.g. the movement of 
galaxies from the blue sequence to the red). However, the re- 
sult that the blue sequence appears to be less violent over the 
past few billion years appears established. 

This leads to a picture where a classical bulge is indica- 
tive of a halo formation and assembly history of the galaxy 
that occurred earlier, leading to older stars in the bulge and 
in the disk, was more violent, and ultimately the system is 
red today. On the contrary, a pseudobulge, even at the same 
Hubble type, is indicative of a quiet assembly history that is 
much more likely at later times and therefore also leads to 
bluer and younger systems (See Gottlober et al. 2001 for the 
dependence of halo merger histories on environment). Thus, 
the presence of a classical bulge or the presence of a pseudob- 
ulge (or no bulge at all) are indicators of different evolutionary 
histories of the whole galaxy. 

Along another line of thought it has suggested that feed- 
back from accreting black holes might be responsible for 
quenching the star formation history of elliptical galaxies and 



classical bulges and thereby contribute to the formation of 
the red sequence (e.g. Soringel ^t alJl2005l:IScannapieco et al] 
120051; iDe Lucia et al.1 i2006i; .Bower et alj l2006h . We know 
that some pseudobulges contain supermassive black holes 
since they contain AGN (for example NGC 1068, NGC 3368, 
and NGC 4051). Furthermore, there is compelling evidence 
that t hese lie on the Mbh-o' relation dKormendv & Gebhardtl 
1200 lb . If this turned out to be true, we need to explain why 
pseudobulges and their supermassive black holes obey the 
same Mbh-<^ relation as classical bulges and ellipticals do 
despite their disk-like properties, and at the same time why 
feedback was not able to quench their star formation in spite 
of doing just the same in classical bulges of the same size. 
We do not know of convincing answers to these two ques- 
tions. The latter might imply that AGN feedback is not im- 
portant in shaping the star formation history of low-mass sys- 
tems, or, it might be related to different formation timescales 
of the mergers that form classical bulges and the secular evo- 
lution processes that are thought to lead t o pseudobulge for- 
mation. In fact, Filippen ko & Hoi (120031) find an AGN that 
obeys the in Mbh-<^ relation in NGC 4395, a low-mass galaxy 
that does not conta i n any bulge, clas sical or pseudo see also 
iGreene & Hdl2006tlGreene"etani20b6t 

We take our result as clear observational evidence that ini- 
tial environmental conditions are responsible for many global 
properties of a galaxy. The merging history of a galaxy is ulti- 
mately the driver behind the observed bimodality in the struc- 
tural, stellar population, and kinematic properties of a galaxy. 
Bulge types are a signpost of merger history and because of 
this they predict the position of the whole galaxy with respect 
to the bimodality in color and structural properties. 
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